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Bandstructure modulation for carbon nanotubes in a uniform electric field
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A method to electronically modulate the energy gap and bandstructure of semiconducting carbon
nanotubes is proposed. We investigate this bandstructure modulation mechanism using tight-binding
and density functional theoryDFT). Results show that the energy gap of a semiconducting
nanotube can be narrowed, when the tube is placed in an electric field perpendicular to the tube axis.
In contrast, Metallic tubes were found to exhibit a screening behavior, whereby free charge
redistributes about the tube circumference as a result of the external field. In this case, the
bandstructure shows little perturbation in response to an applied electric fiel@002 American
Institute of Physics.[DOI: 10.1063/1.1432441

Carbon nanotubes possess several interesting physicirmed by flattening the tube cross sectfodowever, elec-
and electronic properties. Semiconducting nanotubes hawveonic control of the energy gap may be more viable for
been grown up to several microns in length. In additionswitching and circuit applications. The proposed energy gap
ohmic contacts to nanotubes have been demonstatated usingpdulation mechanism could allow hetrostructures to be cre-
Au and Pt electrodes? Such properties have prompted re- ated in uniform nanotubes, where a gating electric field is
search on single wall nanotub&SWNT) as semiconducting applied to several sections of the tube. Closely spaced hetro-
channels in nanoscale field-effect transistt®§T9.>* In a  structures also open the possibility for electrically controlled
typical nanotube FET designs the tube acts as one of thguantum confinement, in which the well shape could be dy-
MOS capacitor plates, as shown in Figa)l In response to a namically varied. As the energy gap of the tube decreases
gate voltageV, larger than some threshoMy, the fermi  there is an associated increase in tube conductance, which
energy of the nanotube moves into the conduction or valenceould be utilized in switching applications.
band. In cases where the gate oxide thickness is much greater Following the formalism of Ref6 a nanotube can be
than the tube diameter the nanotube reaches a uniform pdescribed using a single orbital hamiltonian as
tential E at all points about the circumference. The charge

on the tube is given by H=> ick Ci+ Dt icrey, 2)
[ VI

Er
Qube= JO eD(E)=Cqy(Vg—Vr), 1) where ¢; is the unperturbed on-site potential ahdis the
hopping parameter between lattice locatiorendj. In the

where D(E) is the density of conduction or valence band ahsence of defects, the unperturbed on-site potestidd
states andC is the gate capacitance. In the ideal case this

gives a conductance between the source and drairedh,
wheren is the number of subbands which cross the fermi
energy.

Here we have simulated the structure illustrated in Fig.
1(b). This structure has two main differences from the con-
ventional nanotube MOS capacitor model. Firstly, instead of &5
being one of the capacitor electrodes the nanotube is placed R S A
in the center of the dielectric gap. In this way the capacitor ¢ SO, i i
acts as a split-gate on the nanotube, with gate voltages of
= V,/2 respectively. Because of its position the fermi energy
for the tube is maintained at O V in our simulations. The NMhnnne

. . NN X
advantage of this approach is that no net charge must enter AR <—T
the nanotube to reach equilibrium, irrespective of the value
of V4. Second, the dielectric gapis chosen to be similar to @) (b)
the nanotube diametel; . This results in a considerable por-
tion of V4 appearing as a potential gradient at the atom I0FIG. 1. (a) The nanotube acts as the semiconducting channel in a conven-
cations about the nanotube circumference. We investigat@nal nanotube MOSFET design. The tube acts as a capacitor plate and
changes in the band structure and conductance as a result%‘f'ds up a net surface char@g . This is represented by electric field lines

g . . . . . .terminating at the nanotube surfadb) A split-gate approach is used to
th?. potential gradient. This bandStrUCture mOdUIat.'on IS Sltreate a potential gradient about the tube circumference. The nanotube is
miliar to that observed when the tube is mechanically deplaced in the center of the dielectric and experiences no net charge.

-Vg/2

Vg z +Vg/2
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FIG. 3. Band structure modulation with applied gate voltaggs=0 V (dot-
ted ling, Vg=5V (solid line). (a) A semiconducting10,0 tube and(b) a
metallic (9,0 tube.

N,n
Vn§=Vo,+ X qj(4mer;) . (3)
J

The sum is conducted over th¢ unit cells in the Hamil-
tonian. Vnt was found to converge fdl>10. Vnt; at the

1 center unit cell is used to update all equivalent locations on
] neighboring unit cells, as well as on the semi-infinite leads.
The perturbed hamiltonain is given by

H:Z [Ei+Vnti:|Ci*Ci+i2j ti,jCEij' (4)

TR SR S— e Finally, the net charge at the atom locations is given by
FIG. 2. (a) Equilibrium on-site atom potentials relative to the tube Fermi a; :E Br Im[G'(E); ;]dE
energy, shown as a function of distance from the tube axis. A field of 16.7 ! 0 b '

MeV/cm is applied perpendicular to the tube axis. In the case (@0a0
tube a peak atom potential of 0.59 eV appears about the tube circumference. G'(E)= [EI-H- Sr_sr ]fl (5)
A (9, 0 tube screens much of the electric field, which results in a smaller L R '

potential gradient(h) Redistributed charge density for@, 0) tube. The net  \whereG' is the retarded system Green’s function @{LdR

charge appears mainly in theelectron orbitals and acts to screen out the .0 tha self-energies of the left and right leads, respectively.
applied electric field. Positive charge is shown with solid contour lines an

dotted contour lines represent negative charge. The plotted plane is normyV/€ Solve between Eq$4) and (6) to find a self-consistent
to the tube axis and passes through one of the rings of carbon atoms. ~ solution. Equilibrium on-site potentials for @, 0) metallic
nanotube and &10, 0 semiconducting tube are shown in
. Fig. 2@a). V,=2 V is applied across a 12 A dielectric, result-
Zero and. the h°pp'”9 .par.amettsjrz—&le\/..? ¢, ¢ are ing in a figld of 16.7 MeV/cm. In the case of a metallic
the creation and annihilation operators at $ité our case  anotube there is significant charge redistribution, which
we use a 15 unit cell hamiltonian, for a zigzag,@) nano-  screens the applied potential. Figuré)illustrates the net
tube, connected at each end to a semi-infinit¢d) lead.  charge redistribution as a result of the gate voltage, calcu-
When a uniform electric fieldE, is applied across the tube lated using the pseudopotential density functional theory ap-
cross-section, an external potential appears at the atom locproach described later. Most of the charge redistribution oc-
tions, given byVo;=Eyx;, wherex; is the distance of each curs between ther orbitals. In contrast, th¢10, O tube
atom from the center axis of the tube. In response to th&UPPOrts a peak on-site potential of 0.59 eV. Results show
external potential, chargey appear at the atom locations. that semiconducting tubes do not show any significant
This charge is considered to have a screening effect on theereening f°N9<E.9((.j/dt)’ whered, 'S the tube diameter.
o . The reason for this is that the fermi energy at each atom
external potential, in the same way that a metal cylinder, . : L
L ) location remains within the energy gap at low gate voltages.
would screen out all external electric fields. However, zigzag The effect of a uniform electric field is also studied

nanotubes do not exhibit ideal metallic behavior and a SeIfWithin the supercell approximation, using density functional

consistent solution method for the charge and equilibriumpeory (DFT). The simulation method used is described in
potential is employed. We consider a discrete distribution oRefs, 8,9.

point charges at the atom locations, which acts to reduce the Kohn-Sham single-electron wave functions are ex-

net on-site potentia/ nt according to panded over 17900 plane waves. The suEerceII has dimen-
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FIG. 4. (a) Energy gap reduction as a function of gate voltage(id¥,0
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tube remains unchanged close to the brillouin zone center.

Energy gap variation with gate voltage is illustrated in
Fig. 4@). The tight-binding analysis predicts a 1.08 eV en-
ergy gap for 810,0 SWNT under zero gate bias conditions.
Other experimental and theoretical work agrees closely with
this value!! The DFT results underestimate the zero bias
energy gap by almost 20%. This error is common in DFT
simulations of semiconductors and several correction factors
have been proposéd.Both the DFT and tight-binding re-
sults show a linear reduction in energy gap size after some
threshold gate voltag¥,.

For the purposes of this work we simulated small diam-
eter (10,0 and (9,00 SWNTs. A large electric field>20
MeV/cm was required to produce significant on-site energy
variation across the small tube diameter. While these tube
sizes are practical for DFT simulation the associated high
fields make experimental implementation difficult. To ad-
dress this issue we simulaté8l1,0 zigzag tubes, in which
the potential gradient was supported across a larger 2.42 nm
diameter. The variation of tube conductance and energy gap
size are illustrated in Fig.(8). It is found that the energy gap
reduces from 0.4 eV to 0.2 eV for a uniform electric field of
6.7 Mev/cm.

In conclusion, we present a method to modulate the en-
ergy gap of semiconducting carbon nanotubes, by establish-
ing a potential gradient about the tube circumference. Metal-
lic tubes were found to exhibit lower equilibrium potential
gradients, which is consistent with charge screening behavior

tube. Density functional theory traditionally underestimates the size of thédt @ metal surface.

energy gap(b) Energy gap reduction as a function of gate voltage for a

(31,0 tube. The corresponding conductance increase is shown in the insert.  We would like to thank Dr. N. Mingo and Dr. M. Anant-

sions of 1% 12x4.26 A3. The separation of 4.26 A in the
direction of the tube axis results in an infinitely long tube.
The Brillouin zone is sampled using thrkgoints along the
tube axis. This is shown to agree closely with &point
sampling in Ref. 10.

Figure 3a) shows the perturbed band structure fgi g,
0) SWNT with a gate voltag®¥ =5V, calculated using the
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